[1] Neutral particle dominance over charged particles in Saturn's magnetosphere was evident prior to Cassini's arrival at Saturn in 2004. The observation of active plumes emanating from the south pole of Enceladus suggests that this small moon is likely to be the principal source of neutrals in Saturn's magnetosphere. Cassini has flown through the plumes on several occasions, and the resulting data imply the source rate is variable (∼10 27 to 10 28 water molecules/s). Here we use Cassini plasma spectrometer and Cassini magnetospheric imaging instrument observations to update neutral particle lifetimes and then use the most recent processed versions of Cassini ion neutral mass spectrometer observations made during encounters E2, E3, and E5 to constrain a 3-D multispecies neutral particle model. This procedure improves constraints on the plume source rate, ejection velocity, and plume divergence. We find that the plume source rate varies by at least a factor of 4 over the 7 month period considered. Additionally, we find that previous estimates of the plume source rates based on E2 observations are most likely overestimated because the background neutral torus has not been adequately account for. On the basis of these results, we discuss the implications of this variability on global neutral particle distributions.
Introduction
[2] The Enceladus plumes [Porco et al., 2006] , composed mostly of water vapor and ice grains , are unusual phenomena that are difficult to explain considering the temperatures in the vicinity of the source regions near the south pole [Spencer et al., 2006] . The physical processes producing Enceladus plume activity are not yet well understood. Possible mechanisms range from tidal heating [Nimmo et al., 2007] , which might produce a subsurface liquid water reservoir, to the presence of subsurface ammonia in ice as suggested by detection of ionized ammonia product species in the magnetosphere [Smith et al., 2008] . Ammonia has also been confirmed by the observation of ammonia products as neutral gas in the plumes [Waite et al., 2009] . It has been proposed as an "antifreeze" which would lower the melting point of a hypothetical reservoir of water ice in the interior [Stevenson, 1982; Squyres et al., 1983; Matson et al., 2006] . Thus, establishing the source rate, ejection velocity and divergence of the plumes can provide insight into subsurface processes and the nature of the plume source. Additionally, characterizing the plume source rate is also important for describing the neutral cloud and sources of plasma in Saturn's magnetosphere. Jurac and coworkers Richardson, 2005, 2007; Jurac et al., 2002] used Hubble Space Telescope data to derive magnetospheric neutral particle source rates. Their derived rates were subsequently shown to be consistent with estimates of Enceladus source rates determined from Cassini observations during a 2005 (E2) Enceladus encounter [Hansen et al., 2006; Burger et al., 2007; Tian et al., 2007; Saur et al., 2008] . Comparing the first three encounters with Enceladus (E0, E1, and E2) using an analytic model for the plume, Saur et al. [2008] reported evidence for source rate variability. Using data for a 2007 stellar occultation of Enceladus, Hansen et al. [2008] reported the plume ejection velocity was about 1.5 times the thermal velocity of the molecules in the plume.
[3] Data now exist from closer Cassini Enceladus encounters which provide an opportunity to better characterize these plume characteristics. Here we apply a 3-D Monte Carlo neutral particle model developed earlier by Smith et al. [2004 Smith et al. [ , 2007 Smith et al. [ , 2008 and Smith [2006] to determine plume source rate, ejection velocity, and ejection angle divergence for encounters E2, E3, and E5. Our procedure is to first model observed neutral molecular densities close to Enceladus using Cassini ion neutral mass spectrometer (INMS) observations during Enceladus encounters [Waite et al., 2006; Teolis et al., 2010] . The resulting model iterations are then used to derive the spatial dispersion of ejected gas throughout the magnetosphere.
[4] In order to explore how the Enceladus source rate impacts the global neutral distribution, accurate lifetimes for the neutral species are required. Therefore, we used the most recent Cassini plasma spectrometer (CAPS) data for magnetospheric plasma to generate improved lifetimes. These are used along with our calculated plume source parameters to simulate the distribution of neutral molecules and the source rate for ions in Saturn's magnetosphere.
Lifetime Calculations With Plasma Moments
[5] Neutral particle densities and their spatial distribution in Saturn's magnetosphere are determined by the source distribution, transport, and neutral lifetimes. The lifetimes in turn are determined by the solar photon flux, particle cross sections, and plasma densities, and temperatures. While the solar flux at Saturn is well understood, understanding of in situ plasma composition, densities, and temperatures was based on data gathered during three brief encounters (Pioneer 11 and Voyagers 1 and 2). However, several studies based on multiple years of Cassini plasma observations are now available, so that our understanding of the plasma has been considerably improved. Wilson et al. [2008] have recently provided ion densities for the inner magnetosphere, McAndrews et al. [2009] studied plasma conditions in the outer magnetosphere, and Schippers et al. [2008] provided a survey of electron temperatures and densities throughout the magnetosphere. In this section, we apply these results to calculate improved neutral lifetimes in Saturn's magnetosphere. Figure 1 shows the resulting temperatures ( Figure 1a ) and densities ( Figure 1b ) derived from these sources.
[6] For photoinduced processes, the interaction rate for species n, a n (or reciprocal of particle lifetime) is constant throughout the magnetosphere and are calculated by taking the average solar-induced interaction rates at 1 AU from the work of Huebner et al. [1992] multiplied by 1/r 2 (r ∼ 9.6 AU on average at Saturn). In Figure 2 , the photoionization and photodissociation lifetimes are given for average solar conditions. Solar cycle effects will cause the actual lifetimes to vary slightly but not by more than about a factor of ± 1.5. The processes are shown in Table 1a .
[7] The plasma interaction rates a ne vary with plasma temperature and density and thus are a function of radial distance from Saturn. For electron impact ionization and dissociation, cross sections are averaged over a Maxwellian energy distribution function to determine the rate constants a nEI ,
where T e is the electron temperature, E is the electron energy, k is the Boltzmann constant, m e is the electron mass, n is interaction process (EI for electron impact or CE for charge exchange), and s is the cross section. The integral was approximated using Gauss-Laguerre integration with 20 terms [Smith, 2006] . Note that the electron population at Saturn has a bimodal energy distribution [Sittler et al., 1983; Young et al., 2005; Rymer et al., 2007] . Because the hotter electron population is much less dense than the colder population and the electron temperatures and cross sections are different for the two populations, it is essential to calculate the lifetimes separately. If the two populations were combined, the resulting temperature would be biased toward lower (more dense) energies and thus not reflect the true interaction rates. This leads us to calculate lifetimes separately for each electron population based on the work of Schippers et al. [2008] . The electron impact processes considered are given in Table 1b . Sittler et al. [2008] mention recombination, in which electrons attach to an ion resulting in production of a new neutral particle, as a noticeable process affecting lifetimes inside 5 Rs. This process results in a net reduction of the number of neutrals lost by electron impact over time. However, we do not expect recombination to be significant for our global calculations because the reaction rate for recombination is reported on the order of 10 −6 /s and the neutral reaction rate is also on the order of 10 −6 in this region. In addition to the recombination rate being on the same order as neutral interaction rates, global neutral particle densities outnumber plasma densities at Saturn by at least a factor 10-100 [Shemansky et al., 1983; Richardson, 1998 ] and thus any additional neutral particle contribution from recombination should not noticeably modify global neutral particle densities.
[8] For charge exchange rates, we first apply the results of Wilson et al. [2008] and McAndrews et al. [2009] to derive a relative ion-neutral collision speed v i and the local ion density h(r) i . We also apply a Maxwellian energy distribution. The calculation is based on the standard charge exchange interaction rate formula (equation (2)),
where n is the loss process, m i is the ion mass, and s(m i v i 2 /2) n is the energy-dependant charge exchange cross section. The processes used in the calculation are given in Table 1c .
[9] Note that in the absence of available cross-section data, we have approximated OH charge exchange using the appropriate H 2 O cross sections. This should be a reasonable approximation because in the energy ranges considered, these cross sections scale as the square root of the ionization energies [Johnson, 1990] , which are similar.
[10] Figure 2 shows the resulting rates for H 2 O (left), OH (middle), and O (right). The lifetimes are similar to those calculated in the works of Richardson [1998] and Sittler et al. [2008] , with the important exception that our results peak at ∼9 Rs and not at ∼6 Rs. This large difference is a result of the Schippers et al. [2008] electron spectra which causes the maximum temperature/density combination for electron impact ionization to occur near 9 Rs. Additionally, our results illustrate that photodissociation is the dominant loss process for H 2 O and OH in most of Saturn's magnetosphere.
Model Description
[11] Water molecules initially ejected from Enceladus form a narrow, dense torus near its orbit, with a more spread Thompson et al. [1996] out, less dense torus generated from dissociation, charge exchange interactions , and possibly neutral particle collisions with other neutral particles [Farmer, 2009; Cassidy and Johnson, 2010 ]. This results in particle densities very close to the plume that are composed of relatively young molecules having velocities (relative to Enceladus) close to the initial ejection velocity. Older molecules comprise an increasing percentage of the population with increasing distance from the plume and end up populating the so-called neutral torus. Therefore, when modeling the Enceladus plume source, the best results are achieved if the program allows sufficient time for the cloud distribution to reach equilibrium (between source rate and lifetime process) in order to account for the total particle population. For this research, we use our 3-D Monte Carlo particle-tracking, multispecies (H 2 O, OH, and O for this simulation) computational model [Smith et al., 2004; Smith, 2006; Smith et al., 2007] with the capability of simulating large numbers of test particles (∼200,000 over multiple years). This allowed us to increase the model spatial resolution (0.1 Rs global grids for this study). This model has been used to simulate the Saturnian environment for almost 10 years and has been through for several validation studies [Smith, 2006] .
[12] The model ejects test particles (from the plumes in this case) with a "weight" that allows them to represent large numbers of molecules with similar characteristics. The particle initial conditions (energy, ejection angle, ejection location) are selected from defined distributions using a Monte Carlo technique. The model then advances one time step and integrates the new position and velocity (in all three dimensions) of each test particle based on the affects of gravity from Saturn and all major satellites. The model is actually a high-resolution model embedded in a medium resolution model. When particles are initially ejected, their trajectories in the vicinity of Enceladus are tracked in a scalable high-resolution model that utilizes shorter time steps and tracks densities at higher spatial resolution. Once these particles reach the Hill Sphere, they are passed to the scalable medium-resolution global model that utilizes longer time steps allowing for long-duration simulation runs in regions where high resolution is not necessary but are allowed to reenter the Enceladus region as they pass closer to the moon than its Hill Sphere. All calculations are conducted in the Saturn inertial reference frame so coriolis and centrifugal forces are not required. Each test particle is tracked individually (until exceeding 50 Rs), so no grids are utilized during the simulation. However, the densities are determined at the end of the run by accumulating particles in their closest associated grid (0.1 Rs × 0.1 Rs × 0.1 Rs and 1 Re × 1 Re × 1 Re for this study).
[13] At each time step, the model accounts for neutral particle losses from interactions with electrons, ions, and solar photons (fluxes of these particles are treated as a constant uniform input to this model). The model is multispecies, so even though there may only be a single-source species (H 2 O for this study), the resulting species (OH, O reported in this research) are also produced and tracked. Additionally, energetic neutrals are produced by charge exchange, and neutral particles are lost through absorption by Saturn's atmosphere, collisions with satellites and the main rings, as well escape from the Saturnian system. At the end of the simulation run, the model determines 3-D neutral particle densities from the current particle locations. The model also produces a 3-D distribution of ionization rates by keeping track of the location and amount of ions produced during each time step.
[14] For the simulations reported in this paper, water molecules are assumed to be ejected identically from the eight plume source locations defined by Spitale and Porco [2007] , with an initial total source rate of 1 × 10 28 /s [Jurac and Richardson, 2007] that we can scale to fit the observations. Given the limited amount of data on the source rates of individual plumes we assume all plumes have identical source rates. As more Cassini data becomes available, we can better characterize each individual plume source. For each model run, test particles are ejected from the plume locations on the surface of Enceladus with a flow velocity that is related to an assumed thermal velocity (∼400 m/s or ∼140 K). Additionally, these particles are ejected with angular deviations from each plume normal direction that remain within the angular constraints defined for each test case (i.e., 5°represents a tightly confined plume while 90°is an unconstrained plume).
Plume Constraints Using INMS
[15] The outputs from our model are 3-D spatial distributions of the neutral particles and ion source rates created by interactions of neutral particles with plasma and photons. We use these 3-D neutral densities to simulate the INMS observations along each of the three encounter trajectories. We then compare the simulated observations to the INMS observations to determine the best fit parameters for the plume source. By modifying the source rate, ejection velocity and angular dispersion of the plumes, we generate differing 3-D neutral water distributions around Enceladus. By assuming that the ejection velocity distribution and angular spread of the plumes is constant during each encounter, but may change between encounters, we determine the best set of plume parameters for each encounter. For this study, each of the individual plumes has the same characteristics.
[16] The INMS is a mass spectrometer capable of detecting neutral species densities >10 4 cm −3 in the range of 1-99 amu with a resolution of M/DM = 100 [Waite et al., 2004] [Teolis et al., 2010] , E5: 9 October 2008 (closest approach ∼25 km) [Teolis et al., 2010] . During each of these encounters, the Cassini INMS measured neutral water particle density as a function of distance relative to Enceladus closest approach (blue circles in Figure 3 , with negative values for ingress and positive for egress).
[17] In this study, we used Maxwellian ejection velocity distributions with different average energies and ejection angles. Using the ratio of flow speed to thermal speed estimated from Cassini data as a guide (Mach number ∼1.5) [Hansen et al., 2008] , we examined different ejection to thermal velocity ratios (1.0, 2.0, 3.0, 4.0) for an assumed thermal velocity of ∼400 m/s. The latter is based on a H 2 O temperature of ∼140 K. We also examined a range of opening angles for the ejecta: 5°, 10°, 20°, 30°, 45°, and 90°r elative to the plume normal direction. Thus, a 5°ejection angle represents a tightly confined stream while 90°is unconstrained. We ran our model for all possible combinations of these two parameters and compared the results to the INMS data mentioned above. To examine the quality of fit to the INMS measurements for each case we applied the reduced chi-square fit method normalized to the chi-square value for the initial test case (20°/2.0 velocity ratio). The chi-square values are normalized to an arbitrary case to provide a useful measurement parameter for easily comparing the quality of fit for each model case with the available data. Table 2 contains the results for each model case indicating that the best fit is achieved with for ejection velocity of 2.0 and opening angles of 20°and 30°.
[18] To further refine the ejection velocity we conducted another series of runs examining all possible combinations of 20°and 30°ejection angles with 1.5, 1.8, and 2.2 ejection velocity ratios. Table 3 shows the results of these runs and indicates the best fits were for a 1.8 velocity ratio and a 30°o
pening angle. Figure 4 shows the good agreement of this best fit model run with the INMS density observations. Therefore, the INMS measurements appear to be fit best using plumes with a bulk flow speed (Mach number) of 1.8 × thermal (∼0.720 km/s) and ejection angles limited to ±30°from for the southward normal. Additionally, we find the required source rates are 0.4 × 10 27 /s, 6.3 × 10 27 /s, and 25.0 × 10 27 /s for E2, E3, and E5, respectively, indicating noticeable variability in source rate over time. Note that the E2 source rate is likely noticeably larger than our model predicts based on recent INMS data processing improvements [Teolis et al., 2010] . It is curious that the extracted source rate for these three cases increases with decreasing altitude of closest approach. This could be the case if an external process, such as the interaction with the plasma, affected the neutrals significantly at distances smaller than ∼168 km above the surface. However, if this was the case, it would be very unlikely that similar plume parameters could give good fits for all three cases; Figure 5 shows the model neutral water density for the best fit plume parameters for the E3 source rate. Data are in the Enceladus corotational frame. [19] Finally, we extended our study to examine if our source rate determinations would change significantly if we did not assign identical parameters to all eight plumes [Spitale and Porco, 2007] . Rather than perform a detailed parametric study of all possible variations between the plumes, we bracket the problem by testing the extreme possible source distributions between individual plumes with eight additional model cases; one for each plume assuming only a single different plume is active for each case. We repeated our earlier analysis of varying the source rate to achieve the best fit with INMS observations. The results reveal that all runs produce approximately the same total source rate for E2, E3, and E5 with the exception that the source rate for E5 is <20% lower if only the plume 4 or 7 source is active. Therefore, for our research, variation between the plumes (or even additional plume sources within the current determined source region) should not significantly change our determined total source rate.
Global Model Results (Impact of Variability)
[20] In most models of Saturn's magnetosphere the neutral cloud densities and plasma ion source rates are assumed to be nearly constant. Here we have shown, consistent with the results of the analytic model fits to the E0, E1, and E2 Enceladus encounters [Saur et al., 2008] , that there is considerable variability in the source rates. Therefore, we next examine the implication of this result for populating Saturn's magnetosphere with neutrals and ions. Remarkably, the variability in the source rates appears to be over an order of magnitude. However, the E2 source rate appears under estimated because recent improvements to INMS data Figure 5 . Contour plots of H 2 O density model results for the best fit Enceladus plume with 2× thermal velocity and ejection angle constrained to ±30°for the E3 source rate (divide densities by ∼15 for E2 and multiply by ∼4 for E5). Plots show Z axis (in Enceladus radii or Re) based on the rotational axis, X axis (in Re: −X toward Saturn) in Figure 5a and Y axis (in Re: +Y in corotational direction) in Figure 5b . E2 (red), E3 (blue), and E5 (black) trajectories shown in each frame. 3 ) as a function of distance from Enceladus (in Enceladus radii or ∼252 km) with negative values for ingress and positive for egress. Source rates for each case are adjusted so model peak densities match peak INMS densities.
processing that have been applied to the E3 and E5 data [Teolis et al., 2010] tend to produce larger absolute densities than the technique used to process the E2 data in the work of Waite et al. [2006] . Therefore, as a more conservative case, we examine the implications on the neutral cloud distribution of variability between the E3 and E5 rates (a factor of four) as the source rate variability could be greater than this value when the E2 encounter is also considered once more accurate INMS processed data is available. In particular, we determine whether it is possible for a factor of four variability in the source rate over ∼7 months to noticeably change neutral cloud density. We combine our neutral particle model close to the source with our global model covering the full magnetosphere using the improved calculated lifetimes and the plume source parameters described above. In this way, we couple the Enceladus source to a model of the global neutral gas density. We run the model with the lower (E3) source rate for a simulated ∼7 year period so that the neutral clouds reach a stable equilibrium, examine the cloud densities, and then run the model for another 7 months with the higher (E5) source rate. This provides bounds that show the impact of changes between conditions during the E3 and E5 encounters.
[21] Figure 6 shows the results of these models in terms of neutral water group (H 2 O, OH, and O) density in the equatorial plane. The results indicate a noticeable variation in neutral particle density corresponding to a shift in plume source rate by a factor of 4 in few months. The relative short lifetimes for photodissociation of H2O (∼2.5 months) and OH (∼1.3 months) is apparently efficient in redistributing the neutral clouds and responding to plume source rate changes. The sharp narrow peak in H 2 O is consistent with the narrow inner torus of fresh particles described by Johnson et al. [2006] . Over time these particles are scattered through dissociation and charge exchange into the broader OH and O tori whose distributions are in good agreement with observations by Melin et al. [2009] for the E3 source rate in the inner magnetosphere (<8 Rs from Saturn). Note that Farmer [2009] suggested that neutral particles could be spread through collisions with other neutral particles which are not yet included in our model. Calculations by Cassidy and Johnson [2010] obtain a better fit at distances >8 Rs when including neutral-neutral collisions which appears to indicate this process is important for populating the middle magnetosphere with neutral particles.
[22] Another interesting result from our model involves the source of ions produced by neutral tori interactions. Figure 7 shows the source of fresh pickup ions produced in the equatorial plane (from photoionization, electron impact ionization, and charge exchange) from the E3 source generated neutral tori in Figure 6 . Notice that while the neutral OH and O densities drop considerably with distance from Saturn, the corresponding ion source rates do not drop as quickly because the electron impact ionization rates do not maximize until ∼9 Rs. This is an interesting result considering that Rymer et al. [2008] find a maximum ion flux tube content at ∼9 Rs.
Discussion and Conclusions
[23] The simulations described above using INMS data from three Enceladus encounters appear to confirm that the Enceladus plume source is highly variable. This variability in turn has implications for spatial morphology of the neutrals and plasma in Saturn's magnetosphere. In these simulations, we use neutral water group particle lifetimes (1/interaction rates) similar to those calculated by Richardson [1998] and Sittler et al. [2008] with the major difference being that that photodissociation is a dominant process throughout most of the magnetosphere. This is the driving force behind how quickly the neutral cloud distribution responds to source rate changes. This comes about because the most recent plasma electron temperature and densities result in longer lifetimes for electron impact ionization and dissociation, with the shortest lifetimes caused by electron impact at ∼9 Rs from Saturn instead of ∼7 Rs as in the work of Sittler et al. [2008] , who use a . Pickup ions are produced from the E3 source rate generated neutral tori shown in Figure 6 . different electron density profile derived from observations during Cassini orbit insertion. Such a difference may indicate the optimal location for electron impact is spatially variable by as much as 2 Rs from Saturn. Additionally, we find that charge exchange dominates over electron impact ionization within ∼6 Rs consistent with Richardson [1998] .
[24] The lifetimes shown in Figure 2 have interesting implications. The shortest lifetimes occur at ∼9 Rs from Saturn, which is approximately the same location as a peak in the ion flux tube content found by Rymer et al. [2008] . However, further study of particle scale heights and ion transport times is required to determine if these two results are related. While the peak in neutral particle lifetimes is caused by electron impact interactions, charge exchange dominates over electron impact processes close to Enceladus where the plasma flow speed is closer to neutral particle orbital speeds, a condition that favors charge exchange . It is also important to note that Tokar et al. [2009] report a "stagnant" plasma flow region near Enceladus, which should also contribute to higher charge exchange interaction rates. However, unlike electron impact ionization, charge exchange does not increase the total number of ions but instead just replaces existing ions with slower ions that must be accelerated by the corotating magnetic field, causing momentum loading of the flow. Thus, charge exchange does not have an appreciable effect on the plasma observations of Rymer et al. [2008] . It is also interesting that photo dissociation appears to be the dominant process limiting the lifetime of H 2 O and OH and therefore is in turn the main source of OH and O found throughout most of the magnetosphere. These results show that the new values for neutral particle lifetimes developed here go a long way toward explaining aspects of the observed morphology of the plasma distribution, which differs from the pre-Cassini model.
[25] Our Enceladus plume modeling is in surprisingly good agreement with neutral densities found along the spacecraft trajectories by INMS during the E2, E3, and E5 encounters. Model fits indicate that the bulk flow velocity in the plume is ∼720 m/s (1.8 times thermal velocity). This is somewhat higher than the 1.5 value suggested by Hansen et al. [2008] and much larger than suggested by Johnson et al. [2006] . The source speed estimated here is also larger than the 300-500 m/s estimated by Tian et al. [2007] . However, these speeds are still much lower than the Enceladus orbital velocity (∼12.5 km/s), so it is a relatively small contribution to the total neutral particle velocity, confirming the suggestion of a narrow local torus from which neutrals are subsequently dispersed . The plumes also appear to be angularly constrained at ±30°of the southward polar direction.
[26] Interestingly, we determine a source rate for the E2 Enceladus encounter that is significantly lower than previous estimates. Hansen et al. [2006] , Burger et al. [2007] , Tian et al. [2007] , and Saur et al. [2008] report an E2 source of ∼120-250 kg/s consistent with the range of values first suggested by Jurac et al. [2002] . However, here we determine a source rate of ∼12 kg/s. As mentioned above, our E2 source rate is artificially low because the INMS E2 data could be underestimated by a factor of 3-6 [Teolis et al., 2010] . However, this still only increases our E2 source rate to ∼36-72 kg/s. The previous source rate estimates are overestimated because they assume that all of the water molecules observed near Enceladus are recent particles ejected from the plume. However, many of the molecules observed by INMS and the UV instruments during Enceladus encounters are actually water molecules that are part of the ambient neutral torus. Because we track molecules in our model until they are lost, rather than out to some boundary relatively close to Enceladus, we can show in Figure 8a the average age of molecules observed during each encounter. The simulations reveal that almost all average particle ages encountered during E2 are >10 5 s and most (>∼3 Re) are at least 10 6 s. For the best fit case in Figure 4 , Figure 8b shows the particle populations for particles older than 1800 s (top) and particles younger than 1800 s (bottom). We had to increase the E2 source rate in these results by a factor of 2-3 to best match the observations. Therefore, if we assume the observed molecular densities and column densities were all fresh ejecta then we also would have to scale our source rate upward significantly.
[27] The effect of the long-lived molecules on the total molecular density is more important for encounters further from Enceladus where the average particle age is noticeably older. Therefore, of those encounters modeled here, the E2 encounter is most affected by this. Hansen et al. [2006] report a source rate based on peak intensities measured during a UVIS Enceladus stellar occultation and assumptions of plume dispersion during the E2 encounter without accounting for the background neutral water torus along the line sight when converting the data into a peak density. Additionally, the spatial structure of the torus near Enceladus needs to be explicitly replicated. Even for observations at closer distances to Enceladus the estimated source rate could be artificially inflated by ignoring the torus.
[28] Although particles escape from Enceladus with very little velocity, they continue to coorbit near Enceladus with a slightly inclined orbit that causes them to remain in the vicinity of Enceladus. Kempf et al. [2010] report on the instability of dust particles caused by the Lorentz force that hinders the collection of older particle near the moon. However, neutral gas particles are not affected by this force and so in the presence of Enceladus' weak gravitational field neutral particles maintain stable orbits close to the moon, allowing for accumulation of older particles. If these particles are not accounted for, the determination of source rates from neutral particle observations will be artificially high. For example, Tian et al. [2007] also used a Monte Carlo model to determine the plume source rates and report consistency with Hansen et al. [2006] . However, they replace all particles that move farther than 1000 km from Enceladus with new particles from the source. Since particles achieve that distance in less than 1800 s, their average particle age is much lower than 10 6 s discussed above leading to an artificially inflated source rate in order to match the observations. By way of a proof, we ran our simulations while similarly removing all particles that exceed 1000 km from Enceladus (i.e., >1800 s, Figure 8b , bottom) resulting in an apparent source rate of ∼108-216 kg/s required to match the E2 observations, which is consistent with the previous estimates. Thus, by not adequately accounting for the neutral torus, we believe previous source rate estimates for the E2 encounter are overestimated. The actual response time of this background torus to source rate variability will be the focus of further research once additional encounter data becomes available.
[29] Additionally, the source rate determined form our simulations for E3 (∼6 × 10 27 /s or ∼190 kg/s) is similar to the earlier rates ∼100-250 kg/s determined by Hansen et al. [2006] , Burger et al. [2007] , and Tian et al. [2007] . However, the source rate estimated for the E5 encounter shows a factor of four increase from E3 at ∼25 × 0 27 /s (∼750 kg/s) even though the observations were less than 7 months apart.
[30] An important note and a topic of further research is that the background INMS measurements during E5 prior to closest approach are somewhat lower that our model predicts. Such a discrepancy may indicate that the increased source rate observed during E5 may be related to individual plume variability and source strength. This will be examined further with additional INMS data from more recent and upcoming Enceladus encounters. This may also possibly indicate a recent increase in source rate because even at 720 m/s, freshly ejected H 2 O particles transport out of the plume interaction region (∼2 Re) in less than 15 min. Thus, an increase in the plume source of only 15 min could theoretically produce a neutral particle density profile consistent with that observed during E5.
[31] Finally we show the observed level of plume source rate variation can have a significant impact on global neutral particle populations, suggesting the possibility of both temporal and spatial variability of neutral cloud on relatively short time scales. The noticeable change in overall neutral 3 ) and average particle lifetime (right vertical axis, s) as a function of distance from Enceladus (in Enceladus radii or ∼252 km) with negative values for ingress and positive for egress. (lower two rows) Examination of particle population by age. (middle row) The particle population that is older than 1800 s (for the best fit case in Figure 4 ) with INMS measured neutral water densities (blue circles) for the (left) E2, (middle) E3, and (right) E5 Enceladus encounters. Results are displayed in water density (H 2 O/cm 3 ) as a function of distance from Enceladus (in Enceladus radii or ∼252 km) with negative values for ingress and positive for egress. (bottom row) All particles existing for less than 1800 s. Source rates for each case are adjusted so model peak densities match peak INMS densities.
cloud density and, hence, in the ion source rate are mostly caused by photodissociation of H 2 O and OH which occurs over on the order of 1-2.5 months. We show such short lifetimes can cause noticeable global neutral particle variation on time scales less than the time between the E3 and E5 encounters. For our study, we assume the source rate has increased this much for the entire 7 month period, but in fact the source rate may vary on much shorter time scales. This may appear as a single average source rate on global scales. On the other hand, we only used data from three Enceladus encounters, so it is likely we have not yet observed the largest possible source rates. For example, using Cassini magnetometer data, Saur et al. [2008] suggest there may be almost an order of magnitude difference in neutral mass loss and ion production rates near Enceladus between the E0 and E1/E2 Enceladus encounters. However, Melin et al. [2009] find very little variability in the total neutral oxygen content within 10 Rs of Saturn over ∼150 days from 2003 to 2004 (∼3-3.5 × 10 34 O atoms). On the basis of our model results, a stable E3 source rate should produce ∼3.2 × 10 34 O atoms with a stable E5 rate generating ∼7.5 × 10 34 O atoms. This is a larger variation in the oxygen content than reported by Melin et al. [2009] . This may indicate that the plumes were not as variable while Cassini was approaching Saturn or the variability was rapid enough to maintain a relatively stable total oxygen content equivalent to the E3 source rate. The total oxygen content is not a sensitive indicator of plume variability, however, because it is the final product of neutral water dissociation and requires several months to respond to water source rate changes. Finally, if the plume source rate variation exhibits any type of short term cyclic behavior, azimuthal asymmetries could be present in addition to temporal variations in the global neutral populations described here. This is an area we plan to study further as more Cassini data becomes available.
[32] The Enceladus plumes are an interesting phenomenon and our results indicate a highly variable phenomenon that apparently has a dramatic impact on global particle populations. Thus, the Saturnian system appears to be even more dynamic than anticipated, with one very small icy Moon possibly causing a significant and unanticipated perturbation to the very large system represented by Saturn's magnetosphere.
